A role of oxi-nitrocarburizing technique for low-carbon steel was intensively evaluated as a means of reducing the problem of corrosion in gas nitrocarburizing, which is a vital disadvantage of gas nitrocarburizing. Oxi-nitrocarburizing was carried out by a two-step process: Gas nitrocarburizing at 560 °C and oxidation. In order to characterize two different methods of oxinitrocarburizing, oxidation was performed under two different conditions: Air and steam as oxygen sources. To analyze the microstructural, physical, and chemical properties of the thin oxide layer and nitride layer, which are the surface hardened layers formed on low-carbon steel by oxinitrocarburizing, several methods, such as electron probe microanalysis (EPMA), electron backscattered diffraction (EBSD), scanning electron microscopy (SEM), nanoindentation tests, and potentiodynamic polarization tests were applied. The results indicated that the EPMA and EBSD methods are powerful techniques for the analysis of microstructure, such as phase analysis and metallic element distribution in the oxide layer of magnetite and compound layer of ε-phase and γ'-phase, for oxi-nitrocarburized low-carbon steel. Additionally, the nanohardness using the nanoindentation test and corrosion resistance using the potentiodynamic polarization test for the oxi-nitrocarburized specimens are useful methods to understand the mechanical and corrosion properties of the surface hardened layer.
Introduction
Along with the advances in industry, the surface heat treatment of steel used for component materials is an essential technology for improving their durability. Over the last few decades, the importance of surface heat treatment has increased owing to the easily improved physical and chemical properties at a low cost. In particular, nitriding and carburizing, which are typical chemical heat treatment techniques for surface heat treatment, have been applied widely to component parts for transportation machines, which require high wear resistance [1] [2] [3] .
As steel nitridation is performed at relatively low temperatures, from 550 to 590 °C, which is in the ferrite region, quenching is not required and the amount of deformation is small when compared to carburizing, which requires a high temperature process of 900 °C or more. When steel is nitrided, a compound layer and diffusion layer are formed on the steel's surface. Several nitriding methods are used, such as gas nitriding, salt bath nitriding, and plasma nitriding. Of these methods, gas nitridation is used most widely because of its various merits [3] . A deep surface hardened layer in the range of several hundred micrometers can be obtained by gas nitriding. For gas nitriding, however, the process time should be as long as several tens of hours. Additionally, only high-grade steel is suitable. Furthermore, the nitride layer formed during gas nitridation must be removed before practical use because of its high brittleness. To overcome the problems with gas nitriding, gas nitrocarburizing technology has been developed [4, 5] .
Gas nitrocarburizing is a process in which nitrogen and carbon are supplied and diffused into a steel surface at the same time. Gas nitrocarburizing has some advantages over gas nitriding: A short treatment time of several hours and wide applicability of steel, including low carbon steels. Therefore, gas nitrocarburizing has been widely applied to the development of component materials requiring high wear resistance. Despite this, the surface of steel formed by gas nitrocarburizing is mainly composed of two nitride layers: Epsilon(ε)-phase and gamma prime(γ')-phase, which have high wear resistance but insufficient corrosion resistance. The carbon concentration of the surface determines the dominant phase. Low-carbon steel produces a dominant gamma prime-phase, however highcarbon steel produces a dominant epsilon phase [5, 6] .
An oxi-nitrocarburizing technique was developed to reduce the corrosion rates, which is a disadvantage of gas nitrocarburizing. Oxi-nitrocarburizing consists of two steps: Gas nitrocarburizing of the surface and oxidation of the specimen surface [5] [6] [7] [8] . When oxidation is additionally processed after gas nitrocarburizing, the corrosion resistance of a specimen can be considerably improved because an oxide layer is formed on the surface of the porous ε-phase in the nitride layer [7] . On the other hand, systematic research on the microstructure, mechanical, and chemical properties of the surface hardened layer is insufficient because the thickness of the oxide layer can be as thin as a few μm or less. Furthermore, research on nanoindentation for the surface hardened layer has rarely been done.
The objective of this study is to investigate the microstructure, nanohardness, and corrosion resistance of oxi-nitrocarburized low-carbon steels. We carefully analyzed the properties of the thin oxide layer and nitride layer, which are the surface hardened layers formed on low-carbon steel by oxi-nitrocarburizing. The microstructure, nanohardness, and corrosion resistance were evaluated using EPMA and EBSD, nanoindentation tests, and potentiodynamic polarization tests, respectively.
Materials and Methods
A steel plate cold commercial (SPCC), which is a type of extremely low-carbon steel for cold rolling, produced by POSCO, with a thickness of 0.8 mm, was used as the raw material. Table 1 lists the main composition of the SPCC used in this study. A small amount of manganese (Mn) and copper (Cu) existed as an alloy element in the iron (Fe) matrix. Figure 1 shows a schematic diagram of the oxi-nitrocarburizing process. Before the oxinitrocarburizing process, various contaminants on the surface of the SPCC were removed by shot peening. Table 2 lists the holding temperature and ratio of gases in the gas nitrocarburizing and oxidation processes. In Table 2 , untreated-specimen means a raw specimen, namely before gas nitrocarburizing, and air-specimen and steam-specimen mean oxi-nitrocarburized specimens produced under different conditions in the oxidation step. As shown in Figure 1 and Table 2 , oxi-nitrocarburizing was performed in two steps: Gas nitrocarburizing was performed at 560 °C as the first step, and oxidation was performed at 550 °C as the second step. Gas nitrocarburizing was carried out for 100 min in an ammonia (NH3), nitrogen (N2), and carbon dioxide (CO2) atmosphere, and the purity of the gases was more than 99%. After gas nitrocarburizing, oxidation was performed in air atmosphere for 5 min for the air-specimen. In contrast, for the steam-specimen, oxidation was performed in a high temperature steam (H2O) atmosphere for 30 min. About 50 min was needed to reach the gas nitrocarburizing temperature of 560 °C, which is the temperature of the first step. After oxidation in the second step, nitrogen was injected into the chamber and cooled to approximately 100 °C to complete the oxi-nitrocarburizing process.
To examine the cross-sectional microstructure of the surface hardened layer formed by oxinitrocarburizing, a cross-section of the specimen was polished, etched with a 4%-Nital solution and analyzed by scanning electron microscopy (SEM). Electron probe microanalysis (EPMA) and electron backscatter diffraction (EBSD) analysis were performed to investigate the phase analysis and distribution of nitride and oxide layers in the surface hardened layer. For the EBSD analysis, an AMETEK (Model: Hikari XP EBSD Camera, AMETEK Co., Ltd., Tokyo, Japan) was used and a step size for phase analysis was fixed to 60 nm.
To examine the effects of oxi-nitrocarburizing on the surface properties of the SPCC specimen, the nanohardness and corrosion resistance were also studied. The nanohardness of the surface hardened layer was measured using a nanoindentation method after mirror-polishing the cross section of the specimen [9, 10] . The nanoindentation measurements were performed using a Vickers indenter (Model: Fischerscope HM2000, Fischer Technology Inc., Windsor, CO, USA), and the nanohardness was obtained by averaging five measurements using a small load of 10 mN. During the nanoindentation measurement, the time for loading and unloading were 10 s, respectively.
The corrosion resistance was examined according to the oxidation conditions through a potentiodynamic polarization test. An aqueous 3.5% NaCl solution was used for the electrolyte and a saturated calomel electrode (SCE) was used as the standard electrode for measuring the potential. Platinum (Pt) was used as a counter electrode and the exposed area of the specimen was fixed to 1.0 cm 2 .
Results and Discussion

Microstructure and Phase Analysis
Figure 2a,b shows cross-sectional SEM images of the air-specimen and steam-specimen. As shown in Table 1 , the raw material used in this study is extremely low-carbon steel with a C content of 0.0018 wt.%. Therefore, the surface hardened layer formed by gas nitrocarburizing of the specimens used in this study is similar to that of other studies, in that a surface hardened layer is composed of a porous ε-phase, massive ε-phase, and γ'-phase processed by gas nitrocarburizing low-carbon steels [3, 11] . Based on the SEM image shown in Figure 2 , the EPMA and EBSD study were performed from a microstructural view point including phase and metallic element distribution. As shown in the nitrogen elemental maps in Figure 3a ,d, the compound layer exists as two phases (ε, γ') with different nitrogen contents. The region with relatively high nitrogen content is the ε-phase(Fe2-3N) and the region with low nitrogen content is the γ'-phase(Fe4N) [8, 11] . The airspecimen has a compound layer with a mean thickness of 8 μm, which is composed of a massive, continuous ε-phase and γ'-phase. On the other hand, the steam-specimen revealed a compound layer with a thickness of approximately 11 μm, in which relatively small and isolated grains of ε-phase existed in the γ'-phase. Generally, the oxidation process provided an annealing effect on the compound layer, which caused the ε-phase to decompose to the γ'-phase and the nitrogen to redistribute [1, 12, 13] . Through the redistribution of nitrogen during the oxidation step, the γ'-phase grew and the thickness of the compound layer of the steam-specimen increased. In this manner, the volume fraction of the ε-phase in the compound layer decreased for the steam-specimen [12, 13] . Figure 3b ,e shows elemental maps of oxygen for each specimen. In the air-specimen, most of the oxygen was concentrated on the surface layer in the range of 2 μm. On the other hand, the distribution of oxygen in the steam-specimen was deeply spread from the surface with a range of 3-5 μm. From the SEM images in Figure 3c ,f, a porous microstructure is clearly observed in the surface hardened layer.
During the oxidation process, iron-based nitride like the ε-phase will decompose into Fe and nitrogen gas, and the oxide layer could be grown continuously by supplying Fe from the ε-phase [12] . As the Fe cations migrate from the ε-phase to the oxide layer, a vacancy is generated in the ε-phase adjacent to the oxide layer [13] . In the case of the steam-specimen, the oxygen ratio in the oxidation process was high, which promoted oxide formation. Additionally, the oxidation time for the steam-specimen is also longer than that for the air-specimen. These two factors contributed that the porosity in the ε-phase adjacent to the oxide increased further, and a larger amount of oxygen penetration occurred in the steam-specimen due to the increase in porosity [1, 13] . Therefore, the oxide layer could be formed deeper into the steam-specimen. Figure 4a ,b highlights the EBSD results for phase analysis of the microstructure for the surface hardened layer in the air and steam-specimens. In Figure 4a ,b, the red, green, and yellow colors represent magnetite(Fe3O4) with a face-centered cubic (FCC) structure, ε-phase(Fe2-3N) with a hexagonal close-packed (HCP) structure, and γ'-phase(Fe4N) with FCC structure, respectively [14, 15] . For the air-specimen, an oxide layer with a thickness of 2 μm covered the porous ε-phase, similar to the results shown in Figure 3 . Additionally, the continuous and massive ε-phase and γ'-phase constituted the compound layer with a thickness of 8 μm. On the other hand, in the case of the steamspecimen, the oxide layer extended to a depth of 5 μm from the surface. Additionally, the thickness of the compound layer increased to 11 μm, in which a small and isolated ε-phase was surrounded by the γ'-phase. From this result, we can conclude that the EBSD is a powerful technique for the analysis of phase distribution in surface hardened layer. During oxidation after gas nitrocarburizing, the growth rate of the oxide layer was governed by the oxygen transfer rate from the gas phase to the interior of the Fe matrix. That is, the formation and growth of the oxide layer became easier by increasing the amount of oxygen in the supplied gas. In the case of the steam-specimen, the ratio of oxygen in the injected gas was 33.3%, which is higher than the oxygen ratio of 21% in air. In the oxidation process for the steam-specimen, a longer oxidation time and a higher oxygen content were processed. Therefore, the steam-specimen could have a characteristic of a thicker oxide layer and a porous microstructure in the ε-phase. Since the structure of the oxide layer is affected by the porosity of the ε-phase, a porous oxide layer would form on the highly porous ε-phase in the case of the steam-specimen, unlike the dense oxide layer of the air-specimen. Table 3 lists the major characteristics of the surface hardened layers of each specimen obtained from Figures 2, 3, and 4 . The thickness of the oxide layer for the steam-specimen increased from 2 μm to 5 μm, but the microstructure of the oxide layer became porous. In comparison to the air-specimen, the steam-specimen showed a thin ε-phase in the compound layer and a thick compound layer of 11 μm. This was attributed to the more phase decomposition of the ε-phase in comparison to the γ'-phase and the enhanced growth of the γ'-phase during the oxidation step of the steam-specimen.
Though a direct comparison of the specimens' physical propertiesis difficult because of the different oxidation times of 5 and 30 min, the distribution of phases and metallic elements in view point of microstructure for the surface hardened layers is possible. From the results shown in Table  3 , we can highlight that EPMA and EBSD are useful techniques for analysis of microstructure including the oxide layer of magnetite and compound layer of ε-phase and γ'-phase for oxinitrocarburized low-carbon steel. 
Nanohardness of the Surface Hardened Layer
Figures 5 and 6 show SEM images and representative impressions of the indenter after nanoindentation measurements for the surface hardened layer of the air and steam-specimens when the load is as small as 10 mN. In Figures 5 and 6, (a) shows SEM images of each sample, and (b), (c) and (d) show the magnetite, ε-phase, and γ'-phase, respectively. Figure 7 shows the nanohardness for each phase constituting the surface hardened layer of two oxi-nitrocarburized specimens and an untreated specimen. From Figures 5 and 6 , we can find that the impressions of the indenter can be located in the phase where we intended. The impression sizes seem too big to yield valid results for the nanohardness of the single oxide layer or nitride layer. For the measurement of the magnetite phase, the nanohardness may be influenced by the adjacent free surface. Despite the nanohardness measured by this method being not precise enough, it is worth measuring the nanohardness to understand the cross-sectional microstructure for the surface hardened layer.
For the air-specimen, the nanohardness of the oxide layer was 621 Hv, and those of the ε and γ'-phases were 793 Hv and 589 Hv, respectively. For the steam-specimen, the nanohardness of the ε-phase and γ'-phase was 826 Hv and 631 Hv, respectively, which are 30-40 Hv higher than that of the nitride layer of the air-specimen. On the other hand, the nanohardness of the oxide layer was 216 Hv, which is much lower than that of the oxide layer of the air-specimen. In general, the hardness of the surface hardened layer decreases with the formation of the oxide layer due to the low hardness of the oxide in comparison to the nitride [4, 13] . Furthermore, the nanohardness of the oxide layer in the steam-specimen showed a greatly reduced value of 216 Hv, and the nanohardness showed large deviations. As shown in Table 3 , the low and large deviation in nanohardness for the steam-specimen is due to the porous microstructure of the oxide layer [16, 17] .
A qualitative comparison of the nanohardness of the air-specimen and steam-specimen showed that the nanohardness of the ε-phase and γ'-phase constituting the compound layer had a similar tendency, but the nanohardness of the steam-specimen showed higher than that of the air-specimen. This is because the nitrogen concentration in the ε-phase and γ'-phase increased due to the annealing effect imparted by the oxidation process [12, 13] . That is, the nitrogen concentration in the ε-phase and γ'-phase increased as the oxidation process proceeded, which made the nanohardness of the compound layer increase. Figure 8 shows the representative results of the potentiodynamic polarization test for three different specimens. The polarization curves of the air-specimen and the steam-specimen were shifted to a higher potential and lower current density direction than those of the untreatedspecimen. Figure 8 . Potentiodynamic polarization curves of the three different specimens. Table 4 lists the corrosion potential and corrosion current density calculated by a Tafel extrapolation from the polarization curves of Figure 8 . The corrosion potential of the untreatedspecimen was lowest with a value of −0.97 V, and the corrosion potential of the air-specimen and steam-specimen were −0.77 V and −0.75 V, respectively, which is a higher value than that of the untreated-specimen. On the other hand, the corrosion current densities of the air and steamspecimens were 0.087 mA/cm 2 and 0.071 mA/cm 2 , respectively. These values are much lower than that of the untreated-specimen (0.184 mA/cm 2 ). The results in Figure 8 and Table 4 indicate that the corrosion resistance of the oxi-nitrocarburized specimen is better than that of the untreated-specimen. As shown in Table 4 , regardless of the oxidation conditions, the corrosion resistance of the oxinitrocarburized specimens showed superior performance when compared to the untreatedspecimens. This means that oxi-nitrocarburizing is a potential method for improving the corrosion resistance due to the formation of a magnetite oxide layer, which is chemically stable and fills the porous microstructure of the nitride layer [18] [19] [20] . In particular, a comparison of Tables 3 and 4 showed that the best corrosion resistance of the steam-specimen is due to the thicker oxide layer which has a porous microstructure.
Corrosion Resistance
Conclusions
In order to investigate the microstructure, nanohardness, and corrosion resistance for oxinitrocarburized low-carbon steels, we carefully analyzed the properties of the surface hardened layer and the following conclusions were obtained:  EPMA and EBSD methods are useful techniques for analysis of microstructure including the oxide layer of magnetite and compound layer of ε-phase and γ'-phase for oxi-nitrocarburized low-carbon steel.  Though the nanohardness measured by nanoindentation method is not precise enough, it is worth measuring the nanohardness to understand the cross-sectional microstructure for the surface hardened layer.  Regardless of the oxidation conditions, the corrosion resistance of the oxi-nitrocarburized specimens showed superior performance when compared to the untreated-specimens. This means that oxi-nitrocarburizing is a potential method for improving the corrosion resistance because of the formation of a thicker magnetite oxide layer.
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